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Abstract 
With the aim to improve the tribological behaviour of a high performance component made of a ferritic ductile cast iron 
(GJS400-12), a laser surface modification treatment by a solid-state laser beam is proposed. The induced microstructural 
modifications have been investigated in a previous experimental work by means of experimental tests in various process 
conditions. It was thus possible to verify that the achieved hardness profile is a function of the energy density delivered towards 
the surface and that the process shows a saturation phenomenon when melting occurs. Depending on the available process power 
and the interaction time for microstructural modification, the higher energy density determines the deeper transformation: 
initially related to the diffusion mechanisms in the solid matter and then due to the melting of the outer layers. 
In the present study, the tribological behaviour of the laser remelted ductile cast iron was compared to the base material in order 
to evaluate the performance enhancement. The highest achieved value of the surface hardness was selected for the tests. 
The tribological behaviour has been investigated by means of dry sliding tests carried out on a flat-on-cylinder tribometer (block-
on-ring contact geometry). Flat sliders consisted of the untreated and laser surface treated ductile cast iron, while the rotating 
cylinder was a carburised UNI-EN 16MnCr5 steel. The tests allowed measuring and comparing the coefficient of friction and the 
volume of loss for the untreated and laser modified material. Laser surface treatment led to a significant increase in the wear 
resistance of the ferritic ductile cast iron, due to the enhanced surface hardness; the coefficient of friction however increased, due 
an increase of both the adhesive and abrasive component. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Graphitic cast irons are largely available and used 
engineering materials. Density and maximum mechanical 
performances limit possible engineering applications, 
typically to low-level stressed products, while geometry can 
also be very complex due to the peculiarity of the casting 
process. Their high manufacturability and machinability, 
represent an excellent trade-off between an economic 
application and the peculiar combination of a number of 
performances: strength, high damping, good corrosion 
resistance and thermal conductivity.  
Among the different cast irons, the use of ductile irons 
(DI) has increased constantly over the past few decades, due 
to their high mechanical properties and low production costs. 
Ductile cast irons can exhibit properties over a wide range, 
depending upon the graphite nodule characteristics and 
matrix microstructure. 
With regards to their tribological behaviour, pearlitic and 
ferritic microstructures exhibit good wear resistance under 
conditions where both friction and moderate abrasion occur; 
harder martensitic or ausferritic matrix may also enhance this 
performance [1]. Tribological performances may be also 
modified through surface modification [2] [3]. 
Laser Surface Modification (LSM) of cast irons has been 
largely investigated with the aim to study the induced 
microstructural modifications. A nodular ferritic cast iron 
GJS 400/12 was considered in [4] [5] [6] in order to predict 
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the depth of the treated zone and microstructural 
modifications. In these papers, graphite nodules evolution has 
been investigated and simulated by a simple analytical 
thermal model that takes into account the carbon diffusion 
mechanisms. Typically, the modified volume showed three 
different zones: a molten, a transition and a hardened zone 
[5]. The molten zone is composed of a fine-grained 
microstructure with ledeburite and austenite dendrites, 
together with martensite. The presence of some graphite 
nodules in the melted zone represents the reminders of the 
original nodules, which partially dissolved during the laser 
treatment. The transition zone is the area between the melted 
and the hardened zones. According to the energy distribution 
given by laser treatment and to the carbon diffusion (from the 
graphite nodules to the ferritic matrix leading to a local 
decrease of the melting temperature), a thin remelted layer, 
surrounding the graphite nodules, can be observed. Thus the 
graphite nodules can show a ledeburite shell, surrounded by a 
martensitic shell. The hardened zone is composed of ferrite, 
martensite, residual austenite and graphite nodules, 
surrounded by a martensitic shell. 
In [6], a simple mathematical model is presented and 
validated. It is based on the implementation of a carbon 
diffusion mechanism that allows an estimation of the 
thickness of the martensite and ledeburite shells, around the 
graphite nodules, both in the transition and hardened layer. 
Another nodular cast iron is investigated in [7], that was 
LSM through a Continuous Wave (CW) CO2 laser system by 
using a high power level (3 kW). The erosion resistance was 
evaluated by a standard procedure (ASTM G-76). The laser 
treated material showed an enhanced wear resistance due to 
the very fine structure, high micro hardness and high 
resistance to plastic flow, as well as dissolution of the 
graphite nodules. 
A pearlite-ferrite ductile iron was LSM with a 500 W 
pulsed Nd:YAG equipped with an original diffractive optical 
element in [8]. An experimental micro-hardness map was 
achieved by inducing an excellent combination of strength 
and toughness in the laser modified layer. 
An austempered ductile iron was subjected to Laser 
Surface Melting (LSM) and Laser Surface Hardening (LSH) 
in [9]. The adhesive wear behaviour was compared with a 
pin-on-disc machine, showing a superior wear resistance of 
the LSH cast irons. The authors also investigated, by means 
of an analytical model, the local melting phenomenon around 
graphite nodules during the laser surface hardening [10]. 
The present experimental activity was aimed to investigate 
the effect of surface laser remelting on microstructure, 
hardness and tribological behaviour of a ferritic ductile cast 
iron. The friction and wear tests were carried under dry 
sliding conditions against carburised steel. 
2. Experimental 
The base material investigated in the present paper was the 
ductile cast iron GJS400/12, whose chemical composition is 
reported in Table 1. 
The alloy was characterized, from a microstructural point 
of view, by using optical (OM) and scanning electron 
microscopy (SEM) equipped with an Energy Dispersive 
Spectroscopy (EDS) microprobe. Microstructural 
characterization was carried out on samples prepared by 
standard metallographic techniques and etched with 5 ml 
acetic acid, 6g picric acid, 10 ml water and 100 ml ethanol 
(Acetic Picral).  
Table 1. Chemical composition (wt%) of the GJS400/12 nodular cast iron 
 Chemical composition of the ductile iron 
C Si Mn P S Cr Mo Ni Al 
3.51 2.06 0.18 0.06 0.02 0.54 0.03 0.03 0.01 
Co Cu Nb Ti V W Pb Fe C.E. 
0.02 0.07 0.05 0.01 0.00 0.18 0.05 95.5 4.21 
 
A multimode Nd:YAG laser (Trumpf model HL 1003 D, 
wavelength 1064 nm), with a maximum available power of 
1000 W in the CW mode, was used in order to realise a heat 
treatment of the surface. A parallelepiped sample, 80x80 mm2 
with a thickness of 40 mm were positioned on a working 
table of a three CNC axes manufacturing cell. 
A single-pass technique was carried on in order to modify 
the surface microstructure. The laser was defocused for 
achieving a 5 mm beam diameter and no shielding gas was 
used. The optimum laser process parameters were identified 
in a previous experimental activity [11]. 
Hardness profiles on cross-section of the laser treated 
samples were obtained by micro-Vickers and Brinell tests, 
according to ISO 6507-1 and ISO 6506-1. 
Multi-physic modelling software simulations allowed to 
determine the maximum temperature in the cross-section and 
to correlate them to the depth of the treated zone.  
A slider-on-cylinder tribometer (block-on-ring contact 
geometry) was used for the tribological tests. Untreated and 
laser treated cast iron was used for the flat sliders (5x5x70 
mm3), while the counter material was a carburised UNI EN 
16MnCr5. After laser treatment, the sliders were grinded to 
obtain a surface roughness Ra = 0.3 µm. The roughness and 
the scar profiles were analysed by stylus profilometry (tip 
radius: 5 µm). The tests were carried out at room temperature, 
under a normal load of 10 N at 0.3 m/s, for a sliding distance 
of 1000 m. A load cell and a linear variable displacement 
transducer continuously measured both friction coefficient 
and linear wear, respectively. At the end of the tests, 
maximum depth of the wear scars was measured by the stylus 
profilometer. Worn surfaces were analysed by a 3D digital 
multifocus microscopy. 
3. Results and discussion 
3.1 Microstructural characterization 
A representative low magnification optical micrograph of 
the laser treated area is shown in Fig. 1, where the Remelted 
Zone (RZ) and the Hardened Zone (HZ) can be clearly seen. 
The main geometric features of the laser treated cross-
sections are reported: width (WRZ and WHZ) and depth (DRZ 
and DHZ) of the remelted and the hardened zone. 
The microstructure of remelted zone clearly depends on 
the energy distribution given by laser treatment and the 
carbon diffusion mechanisms. On heating, the material is 
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melted and the graphite nodules dissolve, with a consequent 
carbon enrichment of the matrix. 
 
 
 
Fig. 1: Geometric characteristics of the laser re-melted area. 
 
The laser treated area, at a higher magnification, is shown 
in the OM of Fig. 2. The microstructure in the melted zone is 
fine grained and consists of austenite and ledeburite 
dendrites, with small portion of martensite. It is worth of 
noting the presence of a few graphite nodules in the remelted 
zone that are the residuals of larger nodules not completely 
dissolved during the laser heating. 
It can be also seen the transition zone between the melted 
and the hardened zone, that is characterized by local melting 
around graphite nodules. The hardened zone consists of 
ferrite, residual austenite and few graphite spheroids. Around 
the nodules it is possible to observe a martensite shell, 
reflecting the fact that carbon diffusion was not able to lower 
the local melting temperature at a level able to form the 
ledeburitic shell the local temperature was higher enough to 
form martensite but not ledeburite. 
 
 
 
Fig. 2: Optical micrograph in cross-section of the laser re-melted area. 
 
2.2 Microhardness profiles 
Cross-section hardness profile of the laser treated cast 
iron is reported in Fig. 3a, showing a maximum surface 
hardness 1100 HV1 and values around 800 HV1 in the 
remelted zone. 
The HZ zone shows a sharp hardness drop; at about 500 
µm from the surface, the HV1 reached an average value 
similar to that of the base material. The hardness profile 
clearly reflects the previously discussed microstructural 
modification induced by the laser treatment. 
 
 
Fig. 3a: Hardness profile on the cross-section of the laser treated cast iron. 
Fig. 3b: Hardness profile on the cross-section of a laser treated steel. 
 
In Fig. 3b is reported a typical hardness profile of a laser 
heat-treated surface on the case of a sorbitic steel. It is worth 
to note that the maximum available hardness is of course 
lower due to the lower content in carbon; the transition zone 
shows a decreased value of the hardness in comparison with 
the base material due to the tempering effect produced in the 
sorbite. The absence of a reduction of the hardness in the 
transition zone, in the case of the LSM of a ferritic DI may be 
fruitfully used when a larger surface must be laser heat-
treated because a multi passes strategy in order to cover the 
whole surface can be adopted. 
As previously discussed, the carbon diffusion in the 
austenitic matrix depends on the temperature distribution in 
the treated area and it is possible to evaluate the total treated 
depth through the temperature evolution into the material. So, 
to calculate T = T(z) a numerical model obtained by a multi-
physic modelling software was developed, because it is very 
difficult to measure the real temperatures for every depth 
during the laser heating. Obviously, because the accuracy of 
numerical results depends on thermo-physical and optical 
properties of the material, the model was pre-calibrated using 
five thermocouples positioned randomly on the bulk material 
during the experimental activity, as already described in [11]. 
The surface temperature distribution during the laser 
irradiation is reported in Fig. 4. 
The following Fig. 5 shows the temperature evolution 
T=T(z, t) during the laser treatment cycle at specific depth. 
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The temperature decreases with the depth and microstructural 
modification is possible until its value is higher than the 
austenitization temperature. 
 
Fig. 4: Surface temperature distribution by process simulation.  
 
So, knowing the austenitization temperature of the nodular 
cast iron [4], the numerical model can successfully predict 
the depth of the hardened zone. 
 
2.3 Tribological tests 
To evaluate the effect of the laser treatment on friction and 
wear behaviour of the ferritic DI used in the present study, 
dry sliding tests were carried out on a flat-on-cylinder 
tribometer (block-on-ring contact geometry). 
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Fig. 5: Temperature predicted by process simulation. 
 
A carburised UNI-EN 16MnCr5 steel was used as the 
rotating cylinder (surface hardness:  HV1; surface roughness 
Ra: 0.1 µm), whilst flat sliders (5x5x70 mm3) consisted of 
the untreated (surface hardness: 160 HV1; Ra: 0.3 µm) and 
laser surface treated GJS400 cast iron (surface hardness: 
1100 HV1; Ra: 0.3 µm). 
Sliding tests were carried out at ambient conditions of 
temperature and humidity (relative humidity ranging from 50 
to 60 %), under an applied load of 10 N (corresponding to a 
maximum Hertzian contact pressure equal to 50 MPa), at a 
sliding speed of 0.3 m s-1 and over a sliding distance of 1000 
m. During tests, friction force and vertical displacement, 
which is related to total wear (i.e. cumulative wear of both 
stationary slider and rotating cylinder), were continuously 
measured by means of a load cell and a Linear Variable 
Displacement Transducer (LVDT), respectively. Friction and 
wear data were recorded as a function of the sliding distance. 
Friction data were averaged over the first 200 m of sliding 
distance (run-in) and in the steady state regime (200-1000 
m), as well as over 3 repetitions. 
After the tests, wear scar depths and widths on sliders 
and cylinders were separately evaluated by stylus 
profilometry. Wear volumes were calculated according to 
[12]. The morphology of the wear scars was characterized by 
3D-digital microscopy. 
The coefficient of friction (COF, µ) was continuously 
recorded during tests, as a function of sliding distance, and 
representative plots for the untreated and laser surface treated 
ductile cast iron are compared in Fig. 6. 
In the case of the untreated cast iron, the friction curve 
shows a run-in period, during which the COF increases up to 
about 0.70, then decreases reaching a steady-state regime 
with an average value around 0.54. This behaviour can be 
related to the microstructural features of the untreated alloy, 
consisting of a ferrite matrix with dispersed graphite nodules. 
In the first sliding contact, wear damage of the untreated cast 
iron occurs, with a consequent increase of the coefficient of 
friction. Afterwards, smearing of graphite on the 
counterfacing surfaces occurs, with a consequent decrease of 
the COF due to its well-known solid lubricant effect that 
significantly reduces the adhesive component of friction. 
Substantially higher values of the COF were instead 
recorded in the case of the laser treated cast iron, both in the 
run-in (µ=1.01) and steady-state (µ=1.14) regimes. This 
frictional behaviour can be also related to the microstructural 
modifications induced in the laser treated alloy. 
In particular, the partial dissolution of the graphite 
nodules in the hardened outer layer leads to an increase of the 
adhesive component of the coefficient of friction, due to the 
reduced amount of lubricant graphite nodules. Moreover, the 
increased surface hardness of the laser treated cast iron 
(about 30% higher than the steel counterface), due to the very 
fine solidification microstructure and presence on FeC as 
well as martensite, also induces an increase of the abrasive 
component of the coefficient of friction. 
 
 
 
Fig. 6: Coefficient of friction as a function of sliding distance for the 
untreated and surface laser treated GJS400 ductile cast iron (10 N, 0.3 m/s). 
 
As regards the wear behaviour, as expected from the 
Archard’s equation for sliding wear: 
 
W = V/S = K*(FN/H) (1) 
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where V is the cumulative volume loss, S the sliding distance, 
k the wear coefficient, FN the normal load and H the hardness 
[12], the higher surface hardness of the laser treated cast iron 
significantly increased its wear resistance, leading to a lower 
volume loss in respect to the untreated material (Fig. 7). 
 
 
 
Fig. 7: Volume loss (over 1000 m sliding distance) for the untreated and 
surface laser treated GJS400 ductile cast iron (10 N, 0.3 m/s). 
 
The effectiveness of laser surface remelting, in 
enhancing the wear resistance of the studied ductile cast iron, 
can also be clearly appreciated by comparing the worn 
surfaces of the untreated and laser surface treated alloy, 
obtained by 3D digital microscopy (Fig. 8). 
The worn surface of the untreated ferritic ductile iron 
(Fig. 8a) shows evidence of plastic deformation, with 
grooves parallel to the sliding direction, clearly due to its low 
hardness. 
On the contrary, the worn surface of the laser treated 
cast iron was partially covered by iron oxides, probably 
formed as a consequence of the abrasive action of the hard 
surface layer against the counterfacing steel, leading to a 
moderate triboxidative wear regime (Fig. 8b). 
 
 
 
Fig. 8: Worn surfaces of the untreated (a) and surface laser treated GJS400 
ductile cast iron (b) under dry sliding condition against a carburised steel (10 
N, 0.3 m/s, 1000 m). 
4. Conclusions 
A solid-state continuous wave Nd:YAG (with a maximum 
available power of 1000 W in CW mode) laser has been used 
to improve the wear resistance of  the ductile cast iron 
GJS400/12 by a laser remelting process. The experimental 
tests were carried out through a single passes technique, 
exploiting the optimum laser process parameters identified 
during a previous experimental activity for achieving the 
highest hardness. 
The laser treated samples was characterized by 
microstructural analyses, hardness tests as well as by dry 
sliding wear tests against a carburised steel. It was also 
possible to correlate the total treated depth to the temperature 
evolution in the bulk material, by a model properly 
developed by a multi-physics software. 
The main conclusions are the following: 
a) The laser treatment induces microstructural 
modifications, in the treated area, due to dissolution of 
graphite nodules and carbon diffusion into the austenitic 
matrix. 
b) The depth of the modified zone depends as expected on 
the temperature profile induced by the laser treatment. 
c) As a relevant difference concerning the hardness profile 
between the laser heat treatment of a ferritic DI and a 
sorbitic steel, the transition zone presents in the first case a 
favourable transition between the modified microstructures 
on the surface and the base materials in the inner part while 
in the case of the sorbitic steel a tempering effect on the 
sorbite microstructure determines a reduction of the 
material performances in comparison with the base material. 
This fact can be helpful in the case of a multi passes 
strategy in order to modify a large surface. 
d) The laser remelting process leads an increase of the 
adhesive and the abrasive component of the coefficient of 
friction but, due to the higher surface hardness of the 
treated area, allows increasing the wear resistance of the 
studied cast iron. 
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